Abstract This study investigates the most appropriate conditions to perform the proximate analysis (moisture, volatile matter, fixed carbon, and ash) of biomasses by thermogravimetry, focusing on providing better distinction for quantification of volatile and fixed carbon components. It was found, using a series of thermogravimetric methodologies, that heating rate and particle size are important factors to be taken into account, whereas temperature and carrier gas (type and flow rate) are critical to enable the proper quantification of volatiles and fixed carbon. In this case, the best condition was achieved by applying 600°C and CO 2 as carrier gas (instead of N 2 ). It is the highlight of the proposal method regarding the conditions often applied for this purpose. Furthermore, this method has proved to be advantageous in three important aspects: A single measurement is enough for quantification of all properties, it can be performed in a short time (1 h 27 min) in comparison with methods performed in a muffle furnace, and it can be applied for different kinds of biomasses, from lignocellulosic to residues. The procedure of validation demonstrated the low uncertainty of the data obtained by this method and the low propagation of uncertainty when they were applied for the prediction of the high heating value of the related biomasses, which supports its applicability as an alternative to biomass characterization.
Introduction
Each biomass has its specific properties, which strongly influence the process in which they can be used. Therefore, due to technological and environmental reasons, the proper characterization of fuel is essential to apply it to thermal conversion processes, such as combustion, gasification, and pyrolysis [1] .
The main chemical properties that provide information on fuel are a calorific value (low and high heating value), ultimate analysis (C, H, N, S, and O), and proximate analysis (moisture, ash, volatile, and fixed carbon) [2] . In the proximate analysis, the properties evaluated provide an estimate of the feedstock efficiency in the power generation as well as the yield of fuel by-products in thermal conversion systems [3] .
Several standard methodologies are used to determine the proximate analysis parameters for fossil fuels [4] and renewable fuels [1] . In all these methods, each parameter is determined separately in a vertical electric furnace. For instance, for renewable materials, the procedures described in the American Society for Testing Materials (ASTM) for moisture, volatile matter, and ash determination are described in E871 [5] , E872 [6] , and D1102 [7] , respectively.
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Fixed carbon is only obtained by mass difference, which strongly depends on the other parameters determined previously, so the samples employed in each procedure must have the same moisture contents [8] . This requirement can represent a limitation for application of such methods.
In the case of biomass, it would be reasonable to adopt the proximate analysis methods developed for wood fuels (ASTM E872) because of their similar composition, despite their diversity. Meanwhile, these methods have previously been developed based on those for fossil fuels (ASTM D3175) [9] , employing very high temperatures (950°C), particularly in the case of volatiles determination. However, biomass devolatilization takes place at a lower temperature, compared to coals [10] , due to the differences in their compositional structures. When such high temperatures are applied to biomass materials, the decomposition of the sample can occur before the evaluation of the fixed carbon content. Therefore, the analysis of biomass using techniques originally designed for fossil fuels could result in unreliable data.
Also, although these standard methodologies are already laid down for the performance of proximate analysis, they are time-consuming and require large amounts of samples. They also depend on the accuracy of the operator and comprise several steps, which may result in low reproducibility.
Thermogravimetry has been described as a suitable technique for proximate analysis determination for both fossil fuels [11] [12] [13] [14] [15] [16] and biofuels [17, 18] . It is a valuable quantitative analytical method because it enables a continuous and fast measurement under controlled temperature conditions, employs a small sample mass, requires minimal operator intervention, and is low risk. However, to achieve these benefits is essential the prior knowledge of the composition of the sample as well as the influence of experimental conditions on its characterization by means of thermal analysis techniques.
Hence, considering the importance of proximate analysis for characterization of biomass for energy use, the goal of this work was to evaluate the most appropriate conditions for determination of moisture, volatile matter, fixed carbon, and ash contents in biomass by thermogravimetry. For this reason, this study evaluates a set of thermogravimetric methodologies, considering critical experimental parameters such as temperature, heating rate, particle size, as well as type, and flow rate of the carrier gas.
The best conditions were summarized in a thermogravimetric methodology, and the method was then validated to ensure their applicability and reproducibility to different types of biomass.
Materials and methods
Biomass samples: source and preparation Different types of biomass samples were studied: two samples of sewage sludge from different sources and lignocellulosic agricultural residues. Their chemical properties are shown in Table 1 .
The lignocellulosic samples were pine (Pinus elliottii engelm) sawdust, peanut (Arachis hypogaea) shell, coffee (Coffea arabica) husk, rice (Oryza sativa) husk, tucumã (Astrocaryum aculeatum) seed (endocarp), and sugar cane (Sacharaum officinarum) bagasse. Regarding to sludge samples, they were generated from the biological sewage treatment in urban wastewater treatment plants (UWWTP) of Araraquara (21°47 0 41 00 S, 48°10 0 34 00 W) and São José do Rio Preto (20°49 0 13 00 S, 49°22 0 47 00 W), both cities of São Paulo State, Brazil. In Araraquara, the sewage is subjected to aeration using full pond mixing, while in São José do Rio Preto a mixed treatment system is used (anaerobic followed by aeration with activated sludge).
All samples were dried at 100 ± 5°C for 24 h, then grinded, and manually sieved (A Bronzinox sieves; São Paulo, Brazil). In order to address the contribution of the particle size to proximate analysis, sieves with different mesh sizes (Tyler) 500, 250, and 160 lm were employed. Thus, after being dried and grinded, all samples were passed through the sieves arranged in sequence. Therefore, the average granulometry between 500 and 250 lm was designated as '375 lm,' whereas the average granulometry between 250 and 160 lm was designated as '205 lm. ' The elemental analysis was performed in the EA1110-CHNS-O elemental analyzer (CE Instruments; Milan, Italy), and the high heating values (HHV) of samples was determined in the IKA C 2000 oxygen bomb calorimeter (IKA Works Inc.; Staufen, Germany).
Thermogravimetric experiments
All the experiments were carried out in the SDT 2960 Simultaneous TGA-DTA thermal analyzer (TA Instruments; New Castle, DE, USA), with the test materials placed in inert a-alumina sample holder. Before the experiments, the equipment was calibrated for baseline, mass (with standard masses), and temperature (from the melting point of indium) in each experimental condition evaluated (heating rate, final temperature, and carrier gas).
A series of methods (M1, M2. M3, M4, M5, M5, M6, M7, and M8) consisting of different stepwise heating programs were designed to evaluate the influence of temperature, heating rate, and the furnace atmosphere on the release of volatiles. Table 2 presents the conditions established for each method.
The thermogravimetric programming considered two steps: (1) moisture and volatiles contents; (2) fixed carbon and ash contents.
Step 1 was conducted under nitrogen (N 2 ) or carbon dioxide (CO 2 ) atmospheres, with gas flow rates of 130 mL min -1 . In each method, the same heating rate was maintained in both steps.
For moisture content determination, heating at 110°C was employed in all experiments. This temperature is an average of the values employed in several different standard methods E1131 [19] , D7582 [11] , E871 [5] , and D3173 [20] . After reaching this temperature, the hold time (isothermal condition) adopted for the first experiments (30 min) was reduced to 15 min for the subsequent experiments (M3-M8), since it was enough to ensure the mass stabilization before the next stage. For volatiles determination, the first experiments (M1 and M2) employed a final temperature of 950°C, based on standard method E872 [6] .
Step 2 was performed after switching to an oxidizing atmosphere (compressed air, at a flow rate of 100 mL min -1 ). In this step, fixed carbon was determined from the mass loss caused by the chemical reaction between oxygen and fixed carbon.
According to the E1131 [19] standard method, the temperature of 750°C was employed as the starting point for quantification of this component after volatiles release (M1, M2, and M3). However, lower temperatures such as 700°C (M4), 650°C (M5), and 600°C (M6, M7, and M8) were subsequently evaluated in order to improve the separation of these components. The final residue represents the ash content of biomass sample. The heating rate, particle size as well as type, and flow rate of the carrier gas were also evaluated. About heating rate, a comparison between 20°C min -1 (M6), 30°C min -1 (M7), and 50°C min -1 (M8) was made. The granulometry of particles in the samples tested, as previously mentioned, ranged from 106 to 500 lm. The carrier gasses employed were CO 2 and N 2 , at flow rates between 30 and 130 mL min -1 . The default sample mass used was 10 mg, which is recommended by E1131 [19] and provided a satisfactory mass distribution in the sample holder (close to half of its capacity), ensuring good thermal conductivity.
The main difference between M1 and M2 is that before fixed carbon evaluation, the release of volatiles content is performed up to 950°C, the first one under N 2 and the second, under CO 2 . The M3, M4, M5, and M6 methods were performed to evaluate the influence of temperature: 750, 700, 650, and 600°C, respectively. On the other hand, the effects of increasing the heating rate may be observed from M6 to M8. From M3, all methods were performed under CO 2 atmosphere.
All the experimental conditions were assessed for each biomass type in search of plateau regions (with constant mass) in the thermogravimetric curves, which are essential to enable the distinction and quantification of each parameter in the continuous measurement.
Validation of method
To validate the thermal analytical method (M8), we calculated the confidence interval as well as the propagation of uncertainty of the data obtained from 10 replicates of pine sawdust and sewage sludge (from mixed STP). The New approach for proximate analysis by thermogravimetry using CO 2 atmosphere 3 measures required for the method validation were performed using the average masses of 10.14 ± 0.11 and 10.15 ± 0.12 mg, respectively. The confidence interval was estimated for each parameter (moisture, volatiles, fixed carbon, and ash) by assuming a 95% confidence level (significance level of 0.05). For uncertainty estimation, we calculated the uncertainty contribution of each parameter as well as the combined standard uncertainty, when they were applied to predict the HHV of the related biomasses, by means of three different equations: Eqs. 1-3.
where FC is fixed carbon and VM is volatile matter present in biomass. The standard uncertainties (SU) resulting from the application of proximate analysis parameters (from M8) in the prediction of HHV, according to Eqs. 1-3, are expressed in Eqs. 4-6, respectively. Note that in the case of nonlinear Eq. 3, either Eq. 5 or 6 might be used to calculate the standard uncertainty of its terms. All these calculations were performed according to EURACHEM Guide [21] , using the spreadsheet software Microsoft Excel
where u is a single term of Eq. 1, k is the constant value, x is the proximate analysis parameter, Du x is the standard uncertainty of this term, and Dx is the standard deviation of the parameter calculated by the mean of values (from the replicate of experiments).
If u ¼ x=y;
where u is a single term of Eq. 2 or 3, x and y are the proximate analysis parameters, Dx and Dy are the respective standard deviations, and Du is the standard uncertainty of this term, expressed as a sum of relative standard deviations.
where u is a single term of Eq. 3, z is the quotient of proximate analysis parameters, n is the power in which z is raised, Du is the standard uncertainty of the term u, and Dz is the standard uncertainty of the quotient z, in which the calculation was demonstrated by Eq. 5. It is worth noting that after the calculation of the standard uncertainty according to Eqs. 5 and 6, it is necessary to multiply each term by its respective constant.
Given the above considerations, the combined standard uncertainty (CSU) of all components may be expressed as the positive square root of a sum of the squares of the individual uncertainty components.
Results and discussion
Volatile and fixed carbon determination Evaluation of the furnace atmosphere Figure 1 shows two thermogravimetric curves obtained using M1 and M2 methods for pine sawdust. For both New approach for proximate analysis by thermogravimetry using CO 2 atmosphere 5 methods, the thermal degradation occurs through two steps. The first, up to 80 min of analysis is related to mass loss of biomass under N 2 (for M1) and CO 2 (for M2) atmospheres. The second, from 80 min up to the end of the analysis corresponds to the thermal behavior of biomass under air atmosphere. The moisture content was successfully determined under N 2 atmosphere, with a plateau obtained after the mass loss at 110°C. Subsequently, with an increase in temperature and during the isothermal step, there was a continuous mass loss, even before switching to air atmosphere (up to 80 min). This behavior resulted in a TG curve profile in which it was not possible to distinguish volatile matter and fixed carbon.
Under N 2 atmosphere, the volatile matter content cannot be determined due to the pyrolysis process that occurs at higher temperatures (\500°C). The thermal decomposition of the main organic components of the biomass generates oxygenated by-products. As the temperature gradually increases, these by-products reach their spontaneous ignition, and the heat released contributes to the decomposition of the remaining organic matter. Such behavior is observed as a continuous mass loss due to the slight devolatilization [22] up to the end of the heating programming.
The devolatilization rate of the lignocellulosic biomass under nitrogen atmosphere depends on the amount of its components, with the cellulose responsible for the higher devolatilization rate in the early stage of pyrolysis and the higher lignin content, resulting in slower devolatilization with increasing temperature. This behavior was previously observed and reported by Gani and Naruse [23] in their study with wood chips.
The second method (M2) involves the replacement of nitrogen by CO 2 and the maintenance of all the other experimental conditions. The moisture content was successfully determined, but this method was unsatisfactory for the determination of volatile materials.
According to Fig. 1 , an event of mass loss occurs prior to switching from CO 2 to air. This behavior can be explained by the gasification reaction that takes place after devolatilization. As illustrated in Fig. 2 , at lower temperatures (\700°C) less stable compounds are released, and char is formed by means of the devolatilization process (reaction 1). In contact with CO 2 at higher temperatures ([700°C), and given sufficient residence time, the char can undergo a Boudouard reaction, which leads to CO formation (reaction 2) [24] [25] [26] .
C ðcharÞ þ CO 2ðgÞ ! 2CO ðgÞ ð2Þ
The mechanism proposed for the gasification reaction According to Ergun [30] , the reduction of carbon dioxide to carbon monoxide on a carbon surface (reaction 3) occurs at temperatures as low as 600°C. On the other hand, CO is also generated from the biomass devolatilization [29] . When the concentration of CO is higher than that of the thermodynamic equilibrium between CO and CO 2 , the equilibrium of reaction 3 is shifted to the reagent side, resulting in a free site and consequently preventing the occurrence of reaction 4. Hence, at lower temperatures CO becomes an inhibitor of char gasification [30] . Furthermore, char gasification is thermodynamically susceptible at temperatures above 720°C [31] , reaching higher yields between 800 and 950°C [32] .
Therefore, the use of temperatures of up to 950°C is not appropriate for the quantification of volatile and fixed carbon contents, in either N 2 or CO 2 atmospheres. The effect of temperature on the determinations was therefore evaluated using lower temperatures (600, 650, 700, and 750°C).
Evaluation of temperature
The main objective of reducing the temperature was to achieve a mass loss plateau in the TG curves after the release of the volatile matter to ensure its separation from the fixed carbon content.
A series of four methods (M3, M4, M5, and M6) were designed with temperatures of 750, 700, 650, and 600°C, respectively, as described in Table 2 . The thermogravimetric curves obtained for each method are shown in Fig. 3 . Pine sawdust was the sample chosen to illustrate the TG profile for lignocellulosic biomass.
The temperature was found to have a significant effect on the volatile matter determination, because as the final temperature was decreased, there was a trend toward reaching a plateau in the TG curves up to the end of isotherm period in step (1), i.e., before the atmosphere had been switched from CO 2 to air.
As shown in Fig. 3a , when 750°C was applied as the final temperature of step (1), there was no evidence of reaching a plateau in the TG curve. Such behavior indicates that the fixed carbon present in the sample is decomposed together with the volatiles. Therefore, under 750°C, it was not possible to distinguish or quantify these biomass fractions.
On the other hand, when 600°C was applied as the final temperature of step (1), a trend toward reaching a mass loss plateau can be observed after the complete devolatilization and the volatile matter can be quantified. The related TG curve profile enables the assessment of the fixed carbon content after the carrier gas has been switched to air and the complete combustion has occurred.
To ensure that the best choice of the final temperature would be 600°C, another type of biomass was evaluated, the sewage sludge. The TG curves of this residue are shown in Fig. 3b . The increase in the final temperature (from 600 to 750°C) had an even greater effect on the release of volatile compounds in complex biomasses, such as sewage sludge. This change in temperature provided TG profiles with the same value of ash content. Thereby, as the total mass loss of biomasses did not change, the differences observed in their TG curves might be due to the increase in the rate of organic matter decomposition and not due to the heterogeneity of the samples.
Most studies have shown that both lignocellulosic and waste biomass materials have their major devolatilization zone (around 95% of total mass loss) at temperatures of up to 600°C [10, 22, 25] .
Moreover, clay minerals and carbonates present in large amounts in biomasses such as sludge and municipal solid waste decompose at temperatures around 750°C [33] . Thereby, the application of such high temperatures for the quantification of volatile organic contents in this type of biomass may also lead to inappropriate results in proximate analysis. The temperature of 600°C is, therefore, the most suitable to quantify and distinguish volatile and fixed carbon in biomass samples.
After the assessment of the most suitable furnace atmosphere and temperature for the proximate analysis, New approach for proximate analysis by thermogravimetry using CO 2 atmosphere 7 other experimental conditions were evaluated to improve the proposed methodology.
Evaluation of the influence of other experimental conditions
Biomass particle size TG curves of different particles sizes (\106, 205, 375, and [500 lm) obtained by the M6 method for lignocellulosic material and sewage sludge are shown in Fig. 4 . The TG curve profiles for both samples and all particle sizes were similar with respect to devolatilization and char combustion. However, the behavior of particle sizes \106 lm was different from the others. In this case, there was a lower mass loss in devolatilization and a corresponding increase in the ash content. These results were unexpected since both volatile matter and ash contents are characteristics of the samples and should not depend on the particle size. However, they are in agreement with those reported by Bridgeman et al. [34] , who evaluated different fractions of crops and observed that the inorganic constituents are segregated from the lignocellulosic components during the milling and further sieving. This process favors the selection and the accumulation of inorganic components, which have smaller particles, resulting in higher ash and relative lower volatile matter contents.
This behavior was even more pronounced for sewage sludge, i.e., the TG curves obtained for smaller particles (Fig. 4b) showed approximately 10% less mass loss during the devolatilization, compared to the larger particles, because this residue contains large amount of inorganic compounds coming from the wastewater and retained during the treatment in UWWTP.
Therefore, the particle size is an important parameter that must be taken into account for the application of the thermogravimetric method. The results showed that particles of 205 lm or larger should preferably be used in these analyses.
Heating rate
The TG curves of the pine sawdust and sewage sludge samples (205 lm particle size) obtained from room temperature to 600°C at different heating rates 20°C min -1 (M6), 30°C min -1 (M7), and 50°C min -1 (M8) are shown in the supplementary data (Fig. S1 ). It is clear that for both biomasses, the increase in the heating rate causes a more pronounced devolatilization, although this did not affect the attainment of constant mass under isothermal condition.
According to Lai et al. [25] , for a very complex biomasses, such as MSW (municipal solid wastes), the increase in heating rate shortens the devolatilization time and may increase the residual mass under CO 2 atmosphere. However, in the present case, the results obtained for both lignocellulosic and sewage sludge samples showed no increase in residual mass (ash content) when the heating rate changed from 20 to 50°C min -1 . These results indicate that the high heating rate of 50°C min -1 (M8) may be used, without affecting the quantification of biomass properties, besides allowing the time saving during proximate analysis.
Type and flow of the carrier gas Figure 5 shows the TG curves obtained using CO 2 as a carrier gas under three different flow rates (70, 100, and 130 mL min -1 ) for pine sawdust. The flow rate of 130 mL min -1 was selected because it enables the stabilization of the mass and the volatile matter can be therefore completely released before the stage of fixed carbon evaluation. Figure 6 shows the TG curves for two different lignocellulosic biomass samples pine sawdust and peanut shell (Fig. 6a, b , respectively), and sludge (Fig. 6c ) under both N 2 and CO 2 atmospheres, employing flow rates of 130 mL min -1 . The results evidence that when N 2 is used, it was not possible to identify the devolatilization endpoint after the isothermal period. On the other hand, the use of CO 2 greatly improved the achievement of a mass loss plateau during the isothermal step, enabling the discrimination and quantification of the contents of volatile material and fixed carbon in the biomass samples.
According to Borrego and Alvarez [35] , the use of CO 2 as a carrier gas provided higher resistance to the devolatilization of bulk components of wood chips about N 2 . It may be due to the involvement of CO 2 in the 'crosslinking' reaction on the surface of the char, which reduces the deformation and clumping of the carbonaceous structure. However, morphological characteristics, as well as the reactivity of char surface, are similar under both atmospheres [24, 36] .
After the evaluation of several parameters for the methodology optimization, it was clear that CO 2 , instead of N 2 , is more suitable for reaching a mass loss plateau after biomass devolatilization. Figure 7 provides an overview of the TG curve obtained using the optimized conditions for proximate analysis of the pine sawdust biomass, using the experimental conditions described for M8 method ( Table 2 ). The important point is that this methodology enables the quantification of moisture, volatile matter, fixed carbon, and ash in a significantly short time (1 h 27 min), compared to the standard methods.
Summary of findings and application to samples
This methodology was applied in the proximate analysis of different biomasses (lignocellulosic materials, sewage sludges, and blends), providing thermogravimetric profiles specific for each sample type (Fig. 8a, b respectively) , which clearly demonstrate the compositional differences between them. The data obtained from theses TG curves are displayed in Table 3 . It is worth emphasizing that all New approach for proximate analysis by thermogravimetry using CO 2 atmosphere 9 the measurements were made in triplicate to ensure accuracy and reproducibility.
Validation of method (M8)
Due to the high compositional variability of biomass, it is hard to establish a database of parameters that include moisture content, fixed carbon, volatile matter, and ash, as well as elemental composition and heating rates, among others. Possible ways of validating the proposal method (M8) include the use of reference materials or the comparison of results with those obtained using standard methods. However, certified reference materials for proximate analysis are not available for every type or species of biomass.
Concerning standard methods for proximate analysis, all procedures employ temperatures up to 900°C, or above, for the determination of volatile matter and fixed carbon. As previously mentioned, such high temperatures could promote the complete decomposition of organic compounds, making it difficult to distinguish between the volatile matter and fixed carbon present in the biomass.
To elucidate the applicability of the data obtained by the proposed methodology, they were applied to predict the high heating values (HHV) of biomasses by different empirical equations: Eq. (1) [37] , Eqs. (2), and (3) [38] . The results were compared with the corresponding experimental data, obtained in a bomb calorimeter, as well as with those obtained from ultimate analysis data (shown in Table 1 ), using Eq. (7) [39] . These correlations were applied to all biomass samples and are summarized in Table 4 , where HHV c and HHV m are defined as calculated and measured values of HHV, respectively.
where C, H, and O are the content of carbon, hydrogen, and oxygen, respectively. The differences between the HHV m and the HHV c values can be seen more clearly using the absolute error, also expressed in MJ kg -1 (Eq. 8), supplied for each equation applied in this table.
According to the absolute errors, the HHV c values obtained from the data of proximate analysis are in good agreement with the related HHV m , especially in the case of sugar cane bagasse (by Eq. 2), peanut shell, pine sawdust, and coffee husk (by Eq. 1). In the case of peanut shell and pine sawdust, the absolute errors obtained by proximate analysis were even lower than obtained for comparison with the elemental analysis. Therefore, the data obtained by M8 provided a good prediction of HHV, which depends on the equation selected. Furthermore, to validate this method we use the same equations for proximate analysis (Eqs. 1-3) but only for pine sawdust and sewage sludge, since they demonstrated opposite behaviors on proximate analysis: the first one with high volatile matter and lower ash content and the second, The confidence interval for all data obtained from proximate analysis of pine sawdust and sewage sludge (M8) is shown in Table 5 . The values of each property measured by this methodology are in the range specified with 95% of confidence.
The width of the confidence interval is the difference between the upper and the lower limit of the confidence interval and expresses the uncertainty in measurement. In other words, the width of a confidence interval is a parameter that characterizes the dispersion of the values that could be attributed to the value measured [21] .
The higher width of the confidence interval observed for pine sawdust was in ashes, while to sewage sludge, the higher width was found in volatiles. For pine sample, it can be attributed to its very low amount of ashes, sometimes close to the equipment uncertainty. About the sludge, this behavior of volatiles is acceptable, given its complex and heterogeneous organic composition.
With the purpose of demonstrating the effect of this variance in the prediction of HHV, we calculated the HHV for Eqs. 1-3, supposing two situations: one of them with all parameters in the lower limit and the other with an upper limit of the confidence interval. The oscillation of values of HHV in this interval can be observed in Table 5 .
In Table 6 are presented the proximate analysis parameters (or quotient of parameters) with lower and higher contribution to the uncertainty calculation as well as the combined standard uncertainty in the evaluation of HHV using Eqs. 1-3.
About pine sawdust, the higher source of uncertainty was the quotient (FC/Ash) in Eq. 2, which reflects in its higher combined standard uncertainty of 0.46. Concerning the sludge, the higher contribution to uncertainty estimation was obtained from the term (VM/FC) 2 , responsible for the higher combined standard uncertainty of 0.22 for HHV calculation by Eq. 3.
In general, either pine sawdust or sewage sludge demonstrated low propagation of uncertainty in the prediction of HHV for all evaluated equations.
The results demonstrated that the data of proximate analysis obtained with the proposed methodology provided a good prediction of HHV. In other words, these correlations support the applicability of the data achieved in the present study by the experimental conditions adopted and for the range of biomass explored. New approach for proximate analysis by thermogravimetry using CO 2 atmosphere 11 Common notation to the confidence interval, where l is the population mean which is estimated through the sample mean X
Conclusions
Thermogravimetry was used for the direct measurement of all proximate analysis parameters in a single measure. According to the set of experimental conditions evaluated in this work, the importance of controlling mainly temperature and carrier gas for the proper performance of biomass proximate analysis by thermogravimetry became clear. The methodology proposed (M8) enables the direct and fast measurement of all proximate analysis properties in biomass, providing a thermogravimetric profile that is unique for each sample. The greatest contribution of this methodology to biomass characterization is the improvement on distinction and quantification of volatile and fixed carbon contents. Such conditions were obtained by employing carbon dioxide, instead of nitrogen, as a carrier gas and the temperature of 600°C for volatiles release, which are substantially different from the conditions often applied for this purpose.
Furthermore, the proposed methodology has provided accurate results (low uncertainty), when applied to predict the high heating value of either lignocellulosic or a complex biomass as sewage sludge. Therefore, it can be used as an alternative thermogravimetric method for characterization of biomass, which is essential when proposing its use as feedstock for power generation. New approach for proximate analysis by thermogravimetry using CO 2 atmosphere 13
